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We report the observation of a new fractional quantum Hall state in the second Landau level of a 
two-dimensional electron gas at the Landau level filling factor v — 2 + 6/13. We find that the model 
of noninteracting composite fermions can explain the magnitude of gaps of the prominent 2 + 1/3 
and 2 + 2/3 states. The same model fails, however, to account for the gaps of the 2 + 2/5 and the 
newly observed 2 + 6/13 states suggesting that these two states are of exotic origin. 
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Fractional quantum Hall states (FQHS) are incom- 
pressible electron liquids which form at rational ratios 
(v) of the number of electrons to the magnetic flux 
quanta penetrating a two-dimensional (2D) electron gas. 
At large enough magnetic fields B all electrons occupy 
the lowest Landau level (LL) and major sequences of 
FQHS form at LL filling factors v with odd denom- 
inators [ll-Q- Of these states the parent FQHS at 
/3 and 1/5 are described by Laughlin's wavefunc- 
while the numerous daughter states such as the 
v = 2/5,3/7,4/9,5/11,... FQHS can all be understood 
within Jain's model of noninteracting composite fermions 
(MNCF) 0. In the literature these states are often re- 
ferred to as the composite fermion (CF) hierarchy states, 
or the Jain states. The MNCF maps the interacting 
electrons into noninteracting CF by the attachment of 
an even number of magnetic flux quanta to each electron 
and interprets the observed FQHS as being integer quan- 
tum Hall states of the composite particles. The MNCF 
not only accounts for the hierarchy of FQHS observed in 
the lowest LL but also specifies the relative strength of 
their energy gaps 0-0] • 

The ^ = 2 + 1/2 = 5/2 even denominator FQHS 
does not belong to CF hierarchy. Its existence indicated 
for the first time that electron correlations in the second 
LL (2 < v < 4) are different than those in the lowest 
LL {y < 2). This state is thought to arise from a p-wave 
pairing of CFs described by the Moore- Read Pfaffian |9j . 
In contrast to the CF hierarchy states, the v = 2 + 1/2 
FQHS is predicted to have quasiparticles that obey exotic 
non-Abelian braiding statistics and which mi ght be har- 
nessed for topological quantum computation }10| . How- 
ever, the nature of this state is not yet settled and it is 
the subject of an intense investigation (Ill421| . 

An equally interesting and related problem is the ori- 
gin of the odd denominator FQHS of the second LL such 
as the ones observed at 2 + 1/3, 2 + 2/3, 2 + 4/5, and 
2 + 2/5. While at first blush these states would seem to 
belong to the CF hierarchy, there is an increasing body of 
theoretical work suggesting a more complicated picture. 



Studies at v = 2 + 1/3 find a good overlap of Laughlin's 
wavefunction with the exact numerical solution when the 
finite sample width (2^, [23| or residual interactions be- 
tween the CFs 24[ are included in the models. Other 
theories find that certain odd denominator FQHS of the 
second LL might have generalized Pfaffian-like correla- 
tions inherited from the nearby v = 2 + 1/2 FQHS and 
might therefore be fundament ally different from the con- 
ventional CF hierarchy states 25 - 32| . Of these the Read- 
Rezayi parafermion proposal for the 2 + 2/5 state [25| is 
of special importance since, as opposed to the 2 + 1/2 
Pfaffian, this state ensures a completeness of the oper- 
ator space and therefore supports universal topological 
quantum computation (33l |. 

It was recently conjectured that nonconventional 
FQHS form in the 2 + 1/3 < v < 2 + 2/3 range of the 
second LL 31, 32|. Within this interesting region so far 
only a single odd denominator FQHS has been observed 
at ^ = 2 + 2/5 [IH[l5|. Moreover, convincing signatures 
of this state such as the observation of a quantized Hall 
plateau and of activated magnetotransport so far come 
from a single sample [l4lll5j|. Experimental results on the 
odd denominator FQHS in this range of filling factors can 
be summarized as follows: a) the gap of 2 + 1/3 FQHS is 
unexpectedly larger than that of the 2 + 2/3 FQHS [THI — 
l2lj |. by about a factor two in the most common samples 
with densities close to 3.0 x 10 11 cm~ 2 [l5l - [l9j j. and b) 
the ratio of the gaps of the 2 + 1/3 and 2 + 2/5 FQHS 
is different than that of their lowest LL counterparts at 
v = 1/3 and 2/5 [ll 0]. Thus both the even and the 
odd denominator FQHS of the second LL continue to 
challenge our understanding. 

In this Letter we report the observation of a new FQHS 
in the second LL at v = 2.463 ± 0.002 and we confirm 
the existence of the 2 + 2/5 FQHS. This new FQHS de- 
velops very close to the even denominator 2 + 1/2 FQHS 
and from a comparison with the CF hierarchy values we 
identify it with the odd denominator v = 2 + 6/13 FQHS. 
Our analysis of the energy gaps of the 2 + 1/3 and 2 + 2/3 
FQHS shows their consistency with the predictions of the 
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FIG. 1. Magnetotransport for the lower spin branch of the 
second LL at 6.9 mK. We marked the various FQHS we ob- 
serve by their LL filling factor and the four reentrant integer 
quantum Hall states by RIQHE. 



and the RIQHS at slightly higher B-fields. This FQHS, 
shown in more detail in Fig. 2, is identified from a well 
developed narrow minimum in R xx at v = 2.463 ± 0.002 
and a plateau in R xy at h/2A61e 2 as determined in ref- 
erence to the v = 5/2 FQHS. The new state is inde- 
pendent of the crystallographic direction since its signa- 
tures are seen when the current is passed along any of 
the four sides of our sample (not shown). We identify 
this new state with a FQHS at the closest CF hierarchy 
value v = 2 + 6/13. The newly seen 2 + 6/13 and the 
previously reported 2 + 2/5 FQHS are therefore the only 
odd denominator states observed in the interesting region 
2 + l/3<^<2 + 2/3 where certain theories predict the 
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prevalence of generalized Pfaman-like correlations 

SI El El- 

Activated transport of the various FQHS is shown in 
Fig. 3. The energy gaps A extracted from fits of the form 
R xx oc exp(— A/ksT) are also shown. We find that in our 
sample the 2 + 1/3 FQHS has the largest gap among the 
FQHS of the second LL and that the gaps of the 2 + 1/3, 
2 + l/2j_2 + 2/5 J _and 2 + 3/8 FQHS have reached record 
values 
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The activated magnetoresistance of 
the fragile FQHS at v = 2 + 2/5, 2 + 3/8 and 2 + 6/13 
indicates that the electron temperature follows that of 
the He-3 bath to the lowest temperatures. 



MNCF. In contrast, the gaps of the 2 + 2/5 and that of 
the newly observed 2+6/13 FQHS are significantly larger 
than the values expected using the MNCF. This discrep- 
ancy of the gaps constitutes the first evidence that the 
2 + 2/5 and 2 + 6/13 FQHS are not similar to their lowest 
LL counterparts at 2/5 and 6/13 but they are of exotic, 
possibly non-Abelian nature. 

We measured a 4x4 mm 2 piece of a 30 nm wide 
GaAs/AlGaAs quantum well with a density n = 3.0 x 
10 n cm -2 and mobility /Lt = 32 x 10 6 cm 2 /Vs. In order 
to achieve low charge carrier temperature the sample has 
been soldered onto eight sintered silver heat exchangers 
which were immersed into a liquid He-3 bath (l4j ]. The 
temperature of the bath is inferred from the temperature 
dependent viscosity of the He-3 which is measured using 
a quartz tuning fork viscometer [35| . 

Figure 1 shows an overview of the longitudinal magne- 
toresistance R xx and Hall resistance R xy for 2 < v < 3. 
The sharpness of the R xx peaks reveals the quality of 
the prepared state. We observe the prominent FQHS at 
v = 2 + 1/2, 2 + 1/3, and 2 + 2/3. In addition we also see 
an extremely well developed 2 + 2/5 state and a less de- 
veloped but still strong 2 + 3/8 FQHS. This is the second 
unambigous identification of these latter states LJ, [l5| 
and hence we confirm their existence. Our ability to cool 
the sample is evident in the presence of the four fully de- 
veloped reentrant integer quantum Hall states (RIQHS) 
17] with wide plateaus 
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We also observe, for the first time, a new FQHS in the 
very narrow field region between the v = 2 + 1/2 FQHS 



FIG. 2. A magnified view and the temperature dependence 
of R xx for the fragile FQHS at v = 2 + 6/13, 2 + 2/5, and 
2 + 3/8. The horizontal lines mark the expected quantized 
values of R xy for each FQHS as referenced to that of the 
2 + 1/2 FQHS. 
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FIG. 3. Arrhenius plots for the minimum of Rujft] for the 
prominent FQHS at v = 2 + 1/2, 2 + 1/3, 2 + 2/3 (left panel) 
and for the more fragile FQHS at v = 2+2/5, 2 + 3/8, and 2 + 
6/13 (right panel). Labels indicate the energy gaps extracted 
in units of mK. 



We now recall quantitative aspects of the MNCF Q. 
Becasue of the flux attachment procedure the CFs move 
in an effective magnetic field which in the vicinity of v = 
m + 1/2 can be expressed as B c g = (1 + 2m)(B — B(v = 
m + 1/2)) 4]. The energy gap of the FQHS is inter- 
preted as the cyclotron energy of the CF particles less 
the disorder broadening term T 



A = heB eS /m eS - T, 



(1) 



where T is assumed to be independent of v [4]-[7j]. Such 
a linear dependence of A on B e g has been successfully 
demonstrated on the CF hierarchy states of the lowest 
LL converging towards v = 1/2 @J6| and on states in 
the low B- field region of v = 1/4 [7[. It must be kept 
in mind that because the FQHS appear solely due to 
electron-electron interactions the effective mass m c ff of 
the CFs is not independent of the electron density n but 
it scales as m e g oc y/n 0-0] ■ 

In the vicinity of v = 5/2 after substituting m — 2 we 
find B c g — 5(B — B(v = 5/2)). Because of the scarcity of 
FQHS in the second LL in Fig. 4 we plot the measured 
gaps as function of the absolute value of B c g . The non- 
linear functional dependence we find for the measured 
gaps of FQHS of the second LL is in stark contrast to 
the linear dependence for the CF hierarchy states of the 
lowest LL [5J47|. This difference indicates that at least 
some of the odd denominator FQHS of the second LL 
cannot be accounted for by the MNCF. 

To determine which of the FQHS might be a CF hi- 
erarchy state we compare our data with the predictions 
of the MNCF embodied in Eq. 1 in which we substi- 
tute an effective mass of the flux two CF of the lowest 
LL, i.e. for the FQHS converging to v — 1/2 5]. Be- 
cause m e ff is slightly different for positive and negative 
-Beff [1] we average these two different values then ap- 
ply the scaling with the density mentioned earlier in this 



Letter, i.e. m c ff\i/m c ff, 2 = \/ni/«2 0-0 • F° r our sam- 
ple we obtain m e g- = 0.96m e , where m e ff is the electron 
mass in vacuum. The dashed line of Fig. 4 with a slope of 
He/meg derived from this m e ff is in excellent agreement 
with the gaps of the 2 + 1/3 and 2 + 2/3 FQHS when 
r = 1.75 K. Such a value for T is consistent with values 
between 1-2 K obtained from analyses of the gaps of the 
v = 2 + 1/2 FQHS [B, E El as well as values from the 
lowest LL [5|, @| in high quality samples. We thus find 
that the MNCF with a scaled effective mass can account 
for the gaps of the 2 + 1/3 and 2 + 2/3 FQHS, a result 
which is interpreted as evidence that these two FQHS 
are part of the CF hierarchy, i.e. are of Laughlin-type. 
We note that this conclusion on the 2 + 1/3 and 2 + 2/3 
states differs from that in Ref.[i3|. We find that the so 
far unexplained large ratio of the gaps of the 2 + 1/3 and 
2 + 2/3 FQHS 15l4l9| from point a) of the introduction, 
which is also observed in our sample, is a consequence of 
these two states being Laughlin-correlated. 

The plausibility of our argument that the 2 + 1/3 
FQHS is of Laughlin type is strengthened by the fol- 
lowing two results. First, our estimated intrinsic gap 
A™* (2 + 1/3) = A + T ~ 2.43 K = 0.021 e 2 /^d B com- 
pares favorably to 0.020 e 2 /4irelB, the result of numerics 
for the 2 + 1/3 Laughlin state with Coulomb interactions 
37j and the result for the roton gap of a CF model in 
which the interactions are incorporated through mixing 
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FIG. 4. Dependence of the energy gaps A of the FQHS of 
the second LL with 2 + 1/3 < v < 2 + 2/3 on the absolute 
value of Soft- The estimated error for the gaps ±3% is less 
than the size of the points. The dashed line is the prediction 
of the MNCF with m c ff = 0.96m c described in the text. 
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of the LL of the CFs [24|. Here l B = ^/Ti/eB. Second, in 
a recent calculation an excellent overlap of the Laughlin 
wavefunction and the exact numerical solution is found 
at ^ = 2 + 1/3 with finite thickness effects included [23| . 

Figure 4 also shows that Eq. 1 yields negative gaps at 
B c ff corresponding to v = 2 + 2/5 and 2 + 6/13 which 
means that within the MNCF no FQHS are expected to 
develop at these filling factors. The FQHS we observe 
at 2 + 2/5 and 2 + 6/13 must therefore be of noncon- 
ventional origin. A similar conclusion is reached for the 
2 + 2/5 in numerical calculations 25|, 1271. 131, 



Using 

the estimated disorder broadening we obtain the intrinsic 
gaps of these states A mt (2 + 2/5) ~ 0.0161 e 2 /4irel B and 
A m *(2 + 6/13) ~ 0.0157 e 2 /4irel B . 

There are several theories which predict series of odd 
denominator FQHS in the second LL which are different 
from the CF hierarchy states 25- 30]. The Read-Rezayi 
parafermion theory involving clusters of k electrons ac- 
counts for the 2 + 2/5 FQHS through the particle- hole 
conjugate of the k = 3 state but cannot accommodate 
the 2 + 6/13 FQHS [HHH. The Bonderson-Slingerland 
hierarchy theory which starts by pairing charge e/4 non- 
Abelian quasiparticles of the Pfaffian finds FQHS at both 
v = 2 + 2/5 and 2 + 6/13 with diagonal elements of the 
coupling-constant matrix K22 = —2 and K22 = —6, re- 
spectively [I?} . However, this theory has the disadvan- 
tage that the 2 + 6/13 FQHS has an unusually high order 
K22 = —6 and states of intermediate K22 values are not 
seen because of the prevalence of the RIQHS. The situ- 
ation is similar for the states constructed using the Jack 
polynomials 28|. The Levin-Halperin theory derives the 
2 + 6/13 state from the anti-Pfaffian in a_ single step, 
but it cannot capture the 2 + 2/5 FQHS [30]. Taken to- 
gether, the nature of the 2 + 2/5 and 2 + 6/13 FQHS 
remains uncertain. It appears that no single theory can 
account for both of them in a natural way and therefore 
we surmise that these two states have fundamentally dif- 
ferent origins. In the absence of predictions of gaps in the 
above mentioned theories we cannot further elaborate on 
the nature of these two states. Nonetheless, establishing 
the nonconventional nature of the 2 + 2/5 and 2 + 6/13 
FQHS is a first step towards the understanding of the 
odd denominator FQHS in the second LL. 

In conclusion, we report the observation of a new 
FQHS of odd denominator at v = 2 + 6/13 in the second 
LL level of a 2D electron gas. Our analysis of the energy 
gaps in terms of the predictions of the MNCF provides 
evidence that in our sample the 2 + 6/13 and the 2 + 2/5 
FQHS do not belong to the CF hierarchy and therefore 
are of exotic nature. The 2 + 1/3 and 2 + 2/3 FQHS are 
found, however, to be consistent with the MNCF which 
provides a natural explanation for the measured ratios 
of their gaps in numerous samples. The demonstration 
of the nonconventional nature of the 2+2/5 state is an 
important milestone in our understanding which points 
towards the possible implementation of universal topo- 



logical quantum computation with this state. 
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